Background: Recent data suggest that adenoma size and number are more important predictors of metachronous colorectal neoplasia than advanced histology. Furthermore, there is poor reproducibility in diagnosing advanced histology; high-grade dysplasia and villous histology. Therefore we developed a new metric, adenoma bulk, the sum of diameters of all baseline adenomas, regardless of advanced features.
Background: Recent data suggest that adenoma size and number are more important predictors of metachronous colorectal neoplasia than advanced histology. Furthermore, there is poor reproducibility in diagnosing advanced histology; high-grade dysplasia and villous histology. Therefore we developed a new metric, adenoma bulk, the sum of diameters of all baseline adenomas, regardless of advanced features.
Goal: Compare the predictive value for metachronous advanced neoplasia of adenoma bulk to conventional paradigm.
Study: Data were collected prospectively in a multicenter adenomachemoprevention trial (2004 to 2013). For the conventional paradigm, high-risk baseline findings were defined as Z3 adenomas, large adenomas (Z1 cm) or adenomas with villous components or high-grade dysplasia. Adenoma bulk was examined across quartiles and as a continuous variable. Predictive characteristics (sensitivities, specificities, c-statistics) for metachronous advanced neoplasia using conventional criteria and adenoma bulk were calculated. receiver operator characteristic curves were computed using logistic regression.
Results: In total, 1948 adults had index and follow-up colonoscopies (mean follow-up, 45.2 mo). Those with an adenoma bulk Z10 mm (4th quartile) had a higher metachronous advanced neoplasia risk (14.4% vs. 6.9-8.2% in lower 3 quartiles; P = 0.0002). The c-statistics and sensitivities (specificity fixed at 0.73) for the adenoma bulk and conventional models were 0.587 and 0.563 (P = 0.17) and 0.396 and 0.390, respectively.
Conclusions:
Categorizing sporadic adenoma patients as high versus low risk for metachronous advanced neoplasia by adenoma bulk of <versus Z10 mm may be comparably predictive as conventional paradigm and simplifies risk stratification by obviating need for additional histology regarding extent of villous component or degree of dysplasia in resected polyps. The adenoma bulk metric and the 10 mm cutoff in particular would have to be validated in other populations before it can be used in clinical practice.
Key Words: adenoma, colon, colonoscopy (J Clin Gastroenterol 2018;52:628-634) I n the current surveillance guidelines, individuals are considered low or high risk for adenoma recurrence based on the number, size, and histology of adenomas detected on an index examination. 1 By convention, individuals with large (Z1 cm) tubular adenomas, multiple (> 2) small (< 1 cm) tubular adenomas, adenomas with villous component, high-grade dysplasia (HGD), or adenocarcinoma are considered to be at higher risk than those with 1 to 2 small (< 1 cm) tubular adenomas. However, metachronous advanced adenomas are only detected on surveillance examinations in B16% of individuals with high-risk findings on index colonoscopy. 2 Furthermore, metachronous advanced adenomas are detected in about 6% to 8% of individuals with low risk or nonadvanced findings on index colonoscopy. 1, 3 An analysis of pooled data from 8 prospective studies suggest that number and size of index adenomas may be more important in predicting metachronous advanced adenomas than advanced histology. 2 Advanced histology requires the pathologist to determine extent of a villous component and the degree of dysplasia in adenomas. These features have been shown to have poor reproducibility among pathologists. 4, 5 These observations suggest that an alternative strategy emphasizing size and number of adenomas rather than requiring additional data for advanced histology may aid in stratifying individuals with adenomas into high and low-risk groups better than the current strategy.
Another important surveillance issue is the management of those with only small (< 1 cm) tubular adenomas. With advances in new technology and greater emphasis on improved detection of colorectal adenomas during colonoscopy, a greater number of small (< 1 cm) tubular adenomas are being detected in current practice. Recent studies using high definition equipment have yielded adenoma detection rates of 40% to 60% in screening subjects, 6, 7 and a higher prevalence of individuals with multiple adenomas (14.5%) 6 as compared with previous studies in average-risk individuals (2.0%) 8 or even in male veterans (4.3%). 9 The recent United States Multi-Society Task Force (USMSTF) guidelines state that more data are needed to guide surveillance recommendations for those with multiple small tubular adenomas. 1 They also state that there are few data to suggest that subjects with multiple (Z3) diminutive adenomas (< 6 mm) are at increased risk for advanced neoplasia. 1 In addition, the American Society for the Gastrointestinal Endoscopy (ASGE)/American College of Gastroenterology Task Force on Quality for Colonoscopy suggested that not all individuals with multiple small adenomas require a 3-year surveillance interval. 10 Therefore, a revised surveillance strategy may aid in risk stratification of individuals with nonadvanced neoplasia.
To improve surveillance recommendations, we developed a new measure, "adenoma bulk," which is the sum of the estimated diameters of the resected adenomas. We used data prospectively collected as part of a large, multicenter chemoprevention trial in which all individuals underwent a baseline clearing colonoscopy and a subsequent surveillance colonoscopy, to compare the predictive value of this new metric for metachronous advanced neoplasia to conventional criteria.
MATERIALS AND METHODS

Data Source
The data for this analysis were retrieved from colonoscopy information gathered for the Vitamin D/Calcium Polyp Prevention Study. 11 The study was a randomized, double-blind, placebo-controlled trial of vitamin D and/or calcium supplementation for the prevention of metachronous large bowel adenomas over 3 to 5 years. As published elsewhere, 11 there were no appreciable treatment effects in any active treatment arm relative to placebo (for trial primary outcome of recurrent adenomas as well as advanced adenomas), thus all subjects were included in the analysis. All data collection and study procedures were approved by the Committee for the Protection of Human Subjects at Dartmouth College, as well as by reviewing bodies at participating sites. Consenting subjects, ages 45 to 75 years, were recruited from 11 centers, from May 2004 to November 2008. Inclusion criteria required that individuals had at least 1 large bowel adenoma (Z2 mm) histologically confirmed and removed in the 4 months before study entry. In addition, eligible participants were required to have had a complete colonoscopy that was deemed free of any remaining polyps by the endoscopist and not to have had any diagnosis of invasive carcinoma of the large bowel (even if confined to a polyp). In all cases, the qualifying colonoscopy (ie, one in which at least 1 adenoma Z2 mm in diameter was detected) and the clearing colonoscopy (ie, where the colon was deemed free of polyps) were the same examination and are simply referred to as the index examination. Trial eligibility also required that subjects receive either a 3-or 5-year recommended interval for surveillance colonoscopy, as determined by the endoscopist at the index examination.
Study Population
For the secondary analyses reported in this paper, we included data from trial participants with complete size and histologic information for adenomas removed at the index and surveillance colonoscopies. We also performed a secondary analysis on a subsample of participants with only small tubular adenomas (< 1 cm in size) on the baseline examination, regardless of number.
Exposure and Outcome Variables
The main exposure variable was "adenoma bulk," defined as the sum of the diameters of all of the adenomas detected on the index colonoscopy. We used the diameter estimated by the endoscopists at the time of the procedure that was abstracted from the endoscopy report. No special techniques to measure the size of removed polyps were required in the trial. For the "conventional paradigm," high-risk findings on index colonoscopy were defined as multiple (Z3) or large (Z1 cm) adenomas, or adenomas with villous histology or HGD. For the subsample of subjects with small tubular adenomas, high-risk findings were defined as Z3 small tubular adenomas. For both samples, adenoma bulk was examined as a continuous variable as well as divided into quartiles based on the numbers in the respective sample.
The main outcome of interest was the detection of advanced neoplasia at follow-up surveillance colonoscopy, defined as the presence of advanced features, including an adenoma with a villous component (> 25%), HGD, adenocarcinoma, or size Z1 cm. One study pathologist reviewed all excised colorectal lesions. The interpretations made by the study pathologist were compared with those of the pathologists at the centers. An adjudication algorithm was used to resolve any discrepancies. 12 
Statistical Analysis
Logistic regression was used to calculate odds ratios and 95% confidence intervals for each quartile of adenoma bulk. A likelihood ratio test was performed to compare proportions between quartiles. For each set of risk prediction criteria we calculated the concordance statistic (c-statistic) as a measure of discrimination between subjects with and without advanced neoplasia detected on follow-up examination. These were computed using logistic regression output from univariate models that included either the continuous bulk variable or a marker variable for the conventional paradigm (ie advanced findings at index examination). In either case, the c-statistic can be interpreted as the probability that a random subject with metachronous advanced neoplasia has a higher predicted probability than a random subject without an advanced outcome. 13 The point on the adenoma bulk receiver operator characteristic curve (ROC) with the same specificity as the rule using the conventional paradigm was identified. The sensitivity from the ROC curve at this point was compared with the sensitivity of the conventional paradigm rule. The calculations described above were performed for the entire study population as well as for the subsample who had only small (< 1 cm) tubular adenomas on the index examination. We utilized a w 2 test, using a nonparametric approach, to compare the ROC curves for the conventional and the adenoma bulk models. 14 All analyses were conducted with SAS 15 and P < 0.05 was taken to indicate statistical significance.
RESULTS
There were 2227 participants with a follow-up colonoscopy. In total, 279 participants with incomplete or ambiguous baseline data for histology, degree of dysplasia and size were excluded, leaving 1948 for analysis (Fig. 1) . Of the 1948 in the analysis, 62.7% were men (37.3% women), average age was 58.0 (SD, 6.7) years, 538 had high-risk findings according to conventional criteria on their index examination, and 187 had metachronous advanced neoplasia. The mean follow-up time was 45.2 months (range, 22.6 to 97.2 mo). There were 1574 individuals with small (< 1 cm) tubular adenomas (of any number) only on index examination, 164 with Z3 and 1410 with 1 to 2 small adenomas. The adenoma size quartiles in the entire sample were: 1 to <4, 4 to <6, 6 to <10, and Z10 mm. On the basis of the subsample of subjects who had only small (< 1 cm) tubular adenomas, the quartiles were: 0 to <3, 3 to <5, 5 to <8, and Z8 mm. Associations of adenoma bulk with metachronous advanced neoplasia are shown in Table 1 . Risk was statistically significantly higher among those in the 4th quartile (Z10 mm) of adenoma bulk relative to those in the first quartile (OR = 1.84; 95% CI, 1.22-2.77) (likelihood ratio test; P = 0.0002), whereas risks for those in the second and third quartiles were close to the null (Table 1 ). In the subsample of subjects with only small tubular adenomas, we observed similar findings regarding the 4th quartile (Z8 mm), but the increased risk failed to achieve statistical significance (OR = 1.41; 95% CI, 0.89-2.21) (likelihood ratio test; P = 0.075).
Using the threshold pattern for the association of adenoma bulk with metachronous advanced neoplasia noted in Table 1 , we assessed the predictive characteristics of a dichotomous adenoma bulk variable (< vs. Z10 mm). Subjects with an adenoma bulk of Z10 mm had a higher odds than those with <10 mm (OR = 2.02; 95% CI, 1.48-2.75) ( Table 2 ). The corresponding sensitivity for metachronous advanced neoplasia was 42.8% (80/187) and the specificity was 73.0% (1285/1761). According to the conventional paradigm, participants with high-risk findings on their index examination had a 1.78-fold (95% CI, 1.31-2.44) higher odds for metachronous advanced neoplasia, with a sensitivity of 39.0% (73/187) and a specificity of 73.6% (1296/ 1761). Of note, a large proportion of participants with highrisk findings 82.3% (443/538) (conventional criteria) had an adenoma bulk Z10 mm. In this subsample, the risk for metachronous advanced neoplasia was higher for an adenoma bulk of Z10 mm (65/443; 14.7%) than that for <10 mm (8/95; 8.4%) but the difference in risk was not statistically significant (P = 0.14; w 2 ). As noted above, a threshold at the 4th quartile (Z8 mm) was also seen in the subset of subjects with small tubular adenomas. Those with an adenoma bulk Z8 mm had a higher odds than those with <8 mm (OR = 1.56; 95% CI, 1.08-2.25). The sensitivity for metachronous advanced neoplasia at this cutoff was 37.5% (51/136) and the specificity was 72.2% (1039/1438). In this subsample, the conventional paradigm would predict metachronous advanced neoplasia for those with Z3 adenomas on index examination. The relative risk was similar to that for highrisk findings in the total population: a 1.76-fold (95% CI, 1.08-2.87) higher odds (Table 2) , with a sensitivity of 16.2% (22/136) and a specificity of 90.2% (1296/1438).
The ability of the current paradigm and adenoma bulk to discriminate subjects with, and without, advanced neoplasia on surveillance colonoscopies is shown in Table 3 for the total population and for the subsample. In the total population, the adenoma bulk model c-statistic was similar to that for the conventional model (0.587 vs. 0.563; w 2 , 1.19; P = 0.17), and at a specificity of 73.6%, the sensitivity for the adenoma bulk model was similar to that for the conventional model (39.6% vs. 39.0%). In contrast, among the sample restricted to small adenomas, the c-statistic for the adenoma bulk model was similar to that for the conventional model (0.549 vs. 0.532; w 2 , 0.51; P = 0.47), and at a specificity of 90.9%, the sensitivity for adenoma bulk was similar to that for the conventional model (17.6% vs.16.2%).
We also conducted the same analyses as above, using the size of the largest adenoma at the index colonoscopy as the predictor of interest. We observed that the c-statistic for this approach was 0.566, and at a specificity of 74.2%, the sensitivity was 34.2% (data not shown). 
DISCUSSION
Our findings from this analysis suggest that the sum of adenoma diameters on index colonoscopy, particularly at a value of < versus Z10 mm, may have predictive characteristics for metachronous advanced neoplasia on future surveillance colonoscopies which are comparable with conventional categorizations. We developed this new metric based on previously published data that suggested that adenoma size and multiplicity are the most important factors for predicting metachronous advanced neoplasia on surveillance examination. 2 Our findings suggest that these factors alone, without data regarding advanced histology, may predict metachronous advanced neoplasia as well as conventional criteria. Unfortunately, with c-statistics of 0.563 and 0.587 (P = 0.17), neither the conventional nor the adenoma bulk schemas provide strong discriminative ability, indicating that more work on risk stratification is needed.
The current adenoma surveillance paradigm relies on 3 factors: histology, size, and number of index adenomas. However, there are conflicting data regarding the predictive value of each of the elements of this strategy. Risk for metachronous advanced neoplasia based on baseline examination findings was investigated in male veterans (n = 1171 with index neoplasia and 501 with no neoplasia). 3 Similar risk was observed for individuals with large (Z1 cm), multiple adenomas, or adenomas with villous components or HGD on the baseline examination. However, in an analysis based on pooled data from 8 prospective studies, it was found that risk for metachronous advanced neoplasia in participants with large (> 1 cm) or multiple adenomas (> 2) was greater than for those who had adenomas with advanced histology; that is, villous/ tubulovillous histology or HGD. 2 Our new adenoma bulk measure, which accounts for index adenoma size and number but not advanced histology, had similar predictive characteristics for predicting metachronous advanced neoplasia as did the conventional paradigm.
In addition to achieving c-statistics that were similar to the conventional paradigm, we also observed some interesting findings regarding adenoma bulk in our sample, especially at the 4th quartile cutoff of 10 mm. Specifically individuals with adenoma bulk Z10 mm had a 2-fold increase risk of metachronous advanced neoplasia than that for those with <10 mm. Of note, over 80% of all individuals with high-risk findings using the conventional paradigm had an adenoma bulk Z10 mm. If validated in other populations, the use of an adenoma bulk value of Z10 mm could be used as a criterion for endoscopists to recommend more intense surveillance.
There are some potential advantages to using adenoma bulk as opposed to the conventional model. Size and confirmation of adenomatous tissue alone are the only factors required in the calculation of adenoma bulk. By obviating the need to include advanced histologic information in the calculation, concerns regarding the variability and lack of reproducibility observed in the interpretation of villous tissue as well as HGD would be eliminated. 4, 16 Use of an adenoma bulk of 10 mm as a cutoff for high-risk individuals may also mitigate an endoscopist's tendency to overestimate polyp size, 17 perhaps in an effort to be cautious, so that patients receive a more aggressive surveillance interval of 3 years as opposed to 5 to 10 years if an adenoma of size Z10 mm is reported. 1 In contrast, for the same reason, the use of adenoma bulk may incentivize endoscopists to detect adenomas whose sizes will add up to Z10 mm as opposed to focusing on the size of 1 adenoma. Although the measurement of these polyps may still be subject to bias, detecting more adenomas may identify more high-risk patients with multiple (> 2) polyps and also aid in lessening the "one and done" phenomena in which endoscopists detect only 1 adenoma to achieve an acceptable adenoma detection rate. 10 Although not examined in this study, adenoma bulk could be useful with the application of the "resect and discard" method approach to adenoma surveillance. 18, 19 In this strategy, endoscopists would not submit diminutive polyps for pathologic review if they were confident of the histology based on endoscopic evaluation. One paper estimated that the strategy could save 33 million dollars per year in the United States. 19 Survey data suggest a potentially high acceptance rate among endoscopists and patients. 18, 20, 21 A meta-analysis conducted as part of the ASGE effort, "Preservation and Incorporation of Valuable Endoscopic Innovation" (PIVI), demonstrated a high negative predictive value (93%) for adenomatous polyp histology when the endoscopist used narrow band imaging technology and had a high confidence level for the strategy. [22] [23] [24] Thus, in cases where the endoscopist has a high confidence level that detected diminutive polyps are endoscopically consistent with adenomas, the endoscopist could measure the polyps' sizes and discard them after resection without accounting for advanced pathology. Thus, further interpretation of these polyps by a pathologist to determine wThe point on the adenoma bulkROC with the same specificity as the rule using the conventional paradigm was identified. The sensitivity from the ROC curve at this point was compared with the sensitivity of the conventional paradigm rule.
zHigh-risk findings on index colonoscopy according to the conventional paradigm defined as multiple (Z3) or large (Z1 cm) adenomas, or adenomas with villous histology or high-grade dysplasia.
ySubsample: participants with small (< 1 cm) tubular adenomas only. ROC indicates receiver operator characteristic curve.
if they have advanced features would not be necessary when using adenoma bulk. Although the rate for malignancy in diminutive (< 5 mm) polyps has been shown to be minimal, 25 we acknowledge that polyps with adenocarcinoma might not be correctly identified if they are discarded without review by a pathologist. As the detection of small adenomas in current practice is increasing, 6 likely due to better endoscopic technique, careful attention to bowel preparation, withdrawal time and technology, a secondary aim of our study was to examine the potential utility of adenoma bulk in managing persons with only small tubular adenomas. Although we observed higher risk for metachronous advanced neoplasia in this population for those with an adenoma bulk Z8 mm, as in the main analysis, the c-statistic for its predictive strength was only slightly higher than that for the conventional approach of defining high risk as Z3 adenomas (0.549 vs. 0.532; P = 0.47). In this subsample, as compared with the total sample, there is no advantage for adenoma bulk obviating information about advanced pathology as all polyps are tubular adenomas. Thus, using adenoma bulk may not offer a superior alternative for managing small tubular adenomas.
Our study has several strengths, including its large size and the use of high quality prospectively collected data. Furthermore, inclusion criteria required clearing of all polyps from the colons of participants, minimizing the chance for missed adenomas.
We acknowledge that our findings, including the adenoma bulk value of 10 mm, need to be confirmed in separate populations as we did not internally or externally validate our results. A related concern includes the large percentage of index examinations which were conducted for surveillance; thus, the characteristics of metachronous adenomas, such as location, may be different than that observed in screening examinations of persons with no history of adenomas. 26 Unfortunately we did not have data for adenomas that were resected on examinations before the index colonoscopy. In addition, we did not account for presence of synchronous serrated polyps on index examination. Other limitations of our study are related to the colonoscopic practices in the time period in which these studies were performed. Specifically, we had no data on colonoscope withdrawal times or whether low or high definition colonoscopes were used in the study colonoscopies. We also relied on endoscopists' assessment of polyp size, which can vary greatly. 17 Some studies suggested that polyp size recorded by a pathologist may be more accurate than that recorded by the endoscopist. 12, 17 A final consideration that might limit generalizability is that we relied on 1 pathologist's interpretation of tubulovillous and villous adenomas for the interpretation of polyps detected on surveillance examination.
In conclusion, our findings suggest that categorizing sporadic adenoma patients following an index colonoscopy as high versus low risk for metachronous advanced neoplasia on future surveillance colonoscopies according to an adenoma bulk of < versus Z10 mm has comparable predictive characteristics to conventional categorizations schemes. Although adenoma bulk provides little to no improvement in prediction, it is simpler to determine and less dependent on pathologist interpretation, especially for those adenomas with advanced features. Adenoma bulk may also be useful in settings in which histology might not routinely be available (resect and discard) but the endoscopist's optical diagnosis of adenoma was made with a high confidence level. Given that neither the conventional nor the adenoma bulk schemas provide strong predictive ability, more work on risk stratification of persons diagnosed with sporadic colorectal adenoma, especially those with multiple small adenomas, is needed. Future studies can determine whether adenoma bulk can be added to the current paradigm, perhaps to risk stratify individuals with multiple small tubular adenomas.
